Abstract: In supersonic plasma spraying system (SAPS), heat transfer from arc plasma is characterized by several distinct features, such as transport of dissociation and ionization energy and of electrical charges in addition to mass transport. The thermodynamic and transport properties of plasma jet were influenced by several main parameters such as primary gas flow rate, the H 2 vol.% and current intensity A. This paper first analyzes the effect of these parameters on the temperature and velocity of plasma jet theoretically. Further, the loading particles were melted and accelerated by plasma jet. Effects of several main parameters such as carrier gas flow rate, the H 2 vol.%, the current intensity, the voltage and the spraying distance on temperature and velocity of in-flight particle were studied experimentally. The average maximum temperature and velocity of in-flight particle at any given parameters were systematically quantified. Optimal SAPS process parameters were given in this paper. In general, increasing the particles impacting velocity and surface temperature can improve the maximum spreading factor and decrease the coating porosity.
Introduction
Recently, an advanced high-efficiency supersonic plasma spraying system (SAPS) has been successfully developed by national key laboratory for remanufacturing (China) for the deposition of ceramic and metallic coatings with good performance while the energy consumption was greatly reduced (lower than 60 KW) as compared with "PlazJet" [1] [2] [3] [4] . The high-energy plasma jet results from the structural design of SAPS gun with a Laval nozzle. The high temperature of the plasma is reduced near the walls of the water-cooled anode, leading to a boundary layer of low electrical conductivity. This layer compresses the plasma, leading to an increase in the temperature and pressure at the core of the plasma, which is known as the thermal pinch effect. During SAPS, working gases are injected into the nozzle via gas vortex ring in order to pinch the arc and increase the life of plasma gun. Besides, the powder was injected into the plasma jet via an internal injection channel to heat and accelerate the powder particles adequately. In addition, because of this powder feeding form the carrier gas flow rate can bring particles into a location where plasma has high temperature and velocity. Owing to the special layout of the inner nozzle contour a long quasi-laminar plasma jet is produced that reduces the reaction between powder and surrounding residual oxygen. For conventional air plasma spray (APS) guns, the gas velocity at the nozzle exit can reach 300-800 m/s and the particles velocities can reach 130-220 m/s [2, 5] . Compared with the conventional atmospheric plasma spraying, the velocities of the gas and particles were significantly increased in SAPS. The velocities of the plasma jet and particles can reach 2,400 and 500 m/s respectively at the normal distance of 100 mm from the nozzle exit [2, 6] . So the residence time of the particles flight in the plasma jet is strongly decreased in SAPS since the particles acquire a velocity of 400-500 m/s.
Plasmas are quasi-neutral multiparticle systems characterized by gaseous and mixtures of free electrons and ions, as well as neutral particles (atoms, molecules, radicals) with a high mean kinetic energy of electrons or all plasma components, and a considerable interaction of charge carriers with the properties of the system. Reactive plasma-forming gases, including dissociation, ionization, and recombination reactions, influence the energy transport, and the presence of multiple species determines the values of the transport coefficients. Specific properties of plasma different from the neutral gases rely on its response to electro-magnetic forces [7] . Plasma can be produced by transferring energy into a gas until the energy level is sufficient to ionize the gas, allowing the electrons and ions to act independently of one another. Plasmas have very high temperatures and energy densities and are consequently surrounded by very steep gradients of temperatures and densities. Kinetic and composition non-equilibrium are usually the consequence, and description of the energy transport requires consideration of these effects. In particular in the electrode regions, the gradients can be so steep (in the order of 10 8 K/m or several hundred degrees per mean free path) that the continuum concept may break down and discontinuities in properties may be encountered. Heat transfer from arc plasma is characterized by several distinct features, such as transport of dissociation and ionization energy and of electrical charges in addition to mass transport. The monatomic gas, such as Argon and Helium, simply ionize, generating their respective ionic species, Ar þ , Ar 2 þ and He þ , and their related free electrons [8] [9] [10] [11] [12] [13] [14] . The diatomic gases, such as nitrogen and hydrogen, have higher enthalpies for a given excitation temperature, which is related to the dissociation of their molecular structure, followed by ionization. Depending on the material and torch, the plasma-forming gas can be pure Ar, or mixture Ar þ He, Ar þ H 2 , N 2 þ H 2 , or Ar þ He þ H 2 , with a typical flow rate being about 40 to 80 slmp (standard liter per minute/L min −1 ). The various spraying gases contain always a heavy gas such as argon or nitrogen to achieve a high gas momentum. The latter helps to push and stabilize the arc root downstream in the anode nozzle and accelerate the particles without using a too high gas flow rate. Adding H 2 to Ar can increase its enthalpy and thermal conductivity significantly and decrease the viscosity [15] . A magnetic pinch is concomitant with the thermal effect because the core of the plasma is electrically conductive and the electric field lines encircle the plasma flame, further confining plasma core and increasing its energy density. In this paper, experimental and theoretical studies are conducted in SAPS to understand the fundamental phenomena involved in the parameters including electric current, voltage, carrier gas flow rate, and spraying distance. In experiment, the plasma-forming gas was mixture Ar þ H 2 and the powder was 8 wt% Y 2 O 3 partially stabilized ZrO 2 (YSZ) with low thermal conductivity. Ionization and recombination reactions in plasma are taken into consideration, so distribution of ions and electrons can be revealed. In numerical model, the transport properties such as mass density, viscosity, specific heat at constant pressure, enthalpy, electrical and thermal conductivity of partially ionized Ar and H plasma in thermal non-equilibrium condition at elevated electron temperature and pressure were calculated. The thermodynamic and transport properties were calculated in twotemperature state using first-order Chapman-Enskog approximation of Boltzmann's equation. Finally, the influences of spraying temperature and velocity on coatings quality have also been studied.
Experimental setup
In the supersonic plasma jet with temperatures approaching 20,000 K conventional temperature measuring techniques are unsuccessful. Plasma temperature can be measured assuming local thermodynamic equilibrium using atomic or molecular spectroscopy or measured by two-color pyrometry at two wavelengths [16] [17] [18] . The plasma velocity can be measured either with a Pitot tube probe technique or with a time-of-flight two-point laser anemometer [19] [20] [21] [22] . But the above methods are difficult in implementing in SAPS system. So we studied the plasma jet temperature and velocity using theoretical method. Further, the velocity and surface temperature of in-flight particles were measured by a commercially available Spray Watch 2i System (Osier, Finland).
Materials
A nickel-based super alloy GH3030 with ultrasonically cleaned and grit-blasted with alumina powder was used as the substrate with diameter of 20 mm and thickness of 10 mm. The ceramic powders used for spraying particles were (YSZ) spherical particles with size ranging from 40 to 110 μm. The powders had a sintered shell and nanosized particles with size 30-50 nm inside the shell as shown in Figure 1 . The mean particle size of powders was 68 μm measured by laser particle size analyzer (Model Rise-2008, Jinan Rise Science &Technology Co., Ltd., Jinan, China). The melting point of YSZ is 2,650°C, and the density of particles is 5,890 kg/m 2 .
Supersonic plasma spraying system
The investigation has been carried out with high efficiency supersonic atmospheric plasma spraying (SAPS) system (HEPjet, China). A novel SAPS gun was designed with a Laval nozzle. The gun equipped with a thoriated tungsten cathode fitted with a straight gas injector. The total length of gun was 44 mm, and the r1-r5 size of gun as shown in Figure 2 (b) was 5.8, 5.4, 4.9, 5.6 and 5.6 mm, respectively. The powder was injected into the plasma jet by an internal injector with inlet diameter of 2 mm, which was inside the nozzle and with an angle of α ¼ 85°to the plasma jet. The main working gases were mixture Ar þ H 2 , and their flow rates can controlled in the range of 20-80 slpm (standard liter per minute) by controlled system. In addition, the electric current A and voltage V of SAPS system during spraying can also be controlled by controlled system. A commercially available monitoring system Spray Watch 2i (Osier, Finland) was used to measure the velocity and surface temperature of the in-flight particles. In Spray Watch 2i system, the velocity of individual particle was measured by time-of-flight method in the range of 10-1,000 m/s with the resolution of 0.5-5 m/s at two wavelengths, its working principle is shown in Figure 3 . We measured the trajectories length of the online particles using the superspeed CCD in time between open and close shutter and divided the length by the exposure time to obtain the velocity. The CCD focal length is 185 mm and the exposure time is 5 μs. Particle temperature is measured based on two-color high temperature measurement principle. Spray Watch 2i system adopts two optical double color filter which can penetrate different wavelengths (850 and 700 nm) to accept particles surface radiation with different temperatures. Particle surface temperature was measured by two-color pyrometry in the range of 1,000-4,000°C with the resolution of about 5°C.
Finally, the porosity rate of coatings was estimated by Archimedean (water displacement) method and quantitative image analysis using a picture analysis system in Scanning Electron Microscopy (SEM, VEGAII XMU, Tescan, Czech Republic). Before measurement, the samples were boiled in distilled water for 2 h to facilitate pore penetration [23] . Through this method, a series of SEM images with a magnification of 500 Â were obtained for 
Model for supersonic plasma system
Thermodynamic and transport properties
The simulation for supersonic plasma jet needs to take various physical and chemical phenomena into consideration. Chemical reactions such as ionization, dissociation, recombination and so on taking place in the plasma jet can be treated using a general kinetic algorithm. For both Ar and Ar þ H 2 plasmas, the following species were considered: e, Ar, Ar
, and for including the effect of electronic excitation, hydrogen atom and argon species are taken in various possible excited states depending upon pressure [24, 25] . The chemical reaction j can be symbolized by:
where X i represents species i, a ij and b ij are stoichiometric coefficients for reaction j. The thermodynamic and transport properties of given plasma mixture are functions of the degree of ionization, which is usually obtain by using the Saha equation:
where n r,i and n r þ 1 , i are the number density of ionization of rth and r þ 1th ionized state for the element i. z r and z r þ 1 are the partition function for the consecutive state of ionization r and r þ 1, which further depend upon temperature and pressure. m e represents the electron mass. h and k B are represents Planck constant number and Boltzmann constant number, respectively. E r,i represents the ionization energy of reaction. T reac represents temperature of ionization reaction. The population of different states of ionization of various elements comprising the plasma mixture is calculated by the above equation.
In thermal plasmas, the number of elastic collisions between electrons and heavy species is sufficient to reach local thermal equilibrium (LTE) when electron number density is high [8] . The LTE conditions only reached in the core of dc plasma jets or arcs at atmospheric pressure. While in the arc or jet fringes, the electron number density overcome the heavy species dramatically, and the electron kinetic temperature T e is higher than that of heavy species T h . A two-temperature model is applied to take account of this kind of thermal non-equilibrium [26] . In this paper, the kinetic model is applied to obtain plasma compositions. This model, provided all reactions and coefficients are known, gives realistic compositions. The rate of change of progress of a chemical reaction in the forward direction can be expressed in terms of forward and reverse reaction rate coefficients, R f and R r , respectively. The rate of coefficients can be obtained from an Arrhenius-type relation [27] . If we consider the reaction present as
where a, b and c are constants that are usually obtained from experimental data. Sometimes the forward rate coefficients can be calculated using the collision cross-section data through the following equation:
where f " ð Þ is the electron energy distribution function (Maxwellian distribution), σ " ð Þ is the collision cross section, and e, m e , " are the electron charge, electron mass and energy, respectively. In calculation the particle concentration, several chemical reaction of Ar and H have been considered, and the constants a, b and c for Arrhenius-type have been given experimentally [8, 10, 27] , and the reaction energy data for collision cross-section data were also given experimentally [27, 28] .
Fluid basic governing equations for thermal plasmas
The governing equations for the SAPS plasma jet consist of the following several parts: continuity, momentum and thermal energy equations for the multi-component fluid mixture and species equations for each component of the mixture. Heat transfer from plasma is characterized by several distinct features, such as transport of dissociation and ionization energy and of electrical charges in addition to mass transport. All the model of the plasma therefore must contain not only the conservation of mass, momentum and energy but also Maxwell's equation and current conservation. The continuity equation can be represented as @ρ g =@t þ Ñ ρ gṼ g ¼ 0, where ρ g is gas density,Ṽ g is gas velocity vector. Plasma gas is a dense cloud of electrons, ions, atoms and molecules. The plasma-forming gas is Ar þ H 2 in this paper. So the following species were considered: e, Ar, Ar
, and for including the effect of electronic excitation, hydrogen atom and argon species are taken in various possible excited states depending upon temperature. The species continuity equation can be represented as
The subscript i represents different species, n i is the ith species particles number per unit volume/m À3 ,Ṽ i is the ith species particles velocity,
dt is the ith species particles net change rate due to chemical reaction.
The momentum conservation equation links the flow velocity of a fluid element with the external forces acting on it. The following equation is a general one, as the gravity force can be ignored, the last term can be omitted.
where the left term ρ dṼg dt is the inertia force term, the right term Fν c is volume force term which equal to the total force of mass force, electric field force and Lorentz force. ÑP g is the gas pressure gradient. 2 3 Ñ Á ðμÑṼ g Þ is viscous stress causing the gas volume expansion, μ is the gas dynamic viscosity. Ñ2μ½ _ " is the viscous stress caused by fluid deformation when fluid move, ½ _ " is strain rate tensor. Due to charged particles movement in plasma, the energy equation should contain joule heat generation rate term caused by electromagnetic fieldẼ ÁJ:
where " internal energy is the heavy particles density,q is the heat through unit area in unit time.
The standard k À " model has been adopted in the numerical simulations of turbulent jet under plasma conditions. Although the results predicted by the k À " model are not satisfactory, it still provided semi-quantitative information on the plasma jet.
The current density in the arc column of a typical highintensity arc may reach values in excess of 10 6 -10 10 A/m 2 . Arcs may attach to the electrodes, and in particular to the cathode, the current continuity equation is governed by:
where ρ e is the charge density, andJ is the electric current density. The control equation of DC plasma jet in steady condition can be expressed as:
whereÃ is the magnetic vector potential, σ e is the electrical conductivity, f is the electric potential,J s is the other source term. The Lorentz force exists in the plasma jet produced by electromagnetic field. The Lorentz forcẽ J ÂB can add to the magnetohydrodynamic equation as a source term. In this equation current density can be expressed as:J
TheẼ is the electric field intensity,ũ e is the velocity of charged particles,B is the magnetic induction intensity. So the Lorentz forceF L can be derived by following formula:
The coupling relationship between electric field and magnetic field can be solved by Maxwell's equations:
The governing equations for plasma jet consist of the continuity, momentum and thermal energy equations for multi-component fluid mixture, species equations for each component of the mixture gas, state relations for an ideal gas mixture with temperature-dependent specific heat, enthalpy and transport properties, and so on.
Results and discussion
Effect of parameters on plasma jet
The plasma jet temperature and velocity mainly influenced by the parameters of electron current A, gas flow rate and proportion of H 2 in mixture gas (Ar þ H 2 ). H 2 was diatomic gases which have higher enthalpies for a given excitation temperature, which is related to the dissociation of their molecular structure, followed by ionization. The temperature and velocity distribution of plasma jet were simulation with initial primary Ar gas flow rate of 60 slpm, carrier gas flow rate of 7 slpm, gas inlet pressure of 0.8 Mpa, electric current of 420 A, power of 65 KW.
In plasma arc at pure Ar, enthalpy of gas generates core plasma temperatures, which may exceed 17,000 K, depending on the gas properties and its electrical breakdown characteristics, seen in Figure 4 . The enthalpy strongly depends on the plasma gas composition that has to be tailored to the momentum and heat to be imparted to the particles injected in the flow. Adding H 2 to Ar can increase its enthalpy and thermal conductivity significantly results in the increasing in the plasma jet temperature. For example, the maximum temperature at adding H 2 20 vol.% to Ar was 35% higher than that at pure argon, as shown in Figure 5 . It clearly appears that the core region with highest temperature and velocity move downstream due to the effect carrier gas on plasma jet.
Adding H 2 into Ar increase the conductivity, thermal conductivity and enthalpy of mixture gas, which causes significant energy losses on the fringes of plasma and results in short plasma plume [29] . Hydrogen molecular dissociation around 3,500 K requires energy while pure argon begins to ionize only at 8,000 K (Ar and H exhibit ionization energies were 15.8 and 13.6 eV, respectively). The statistical temperature and velocity of central axis of plasma plume were shown in Figure 6 . Obviously similar change is also predicted for the velocity due to the strong correlation between velocity and temperature of plasma jet. In addition, the similar temperature and velocity gradient were show in two conditions at the cathode tip. But the gradients at Ar þ H 2 will get higher than that at pure Ar when the temperature and velocity decrease from its maximum, and then the velocities of plasma jet were trend to equal each other when the spraying distance is above 120 mm. The influence of H2 on gas temperature (a) and velocity (b), which were calculated with initial total gas flow rate of 60 splm, carrier gas flow rate of 7 slpm, gas inlet pressure of 0.8 Mpa, electron current of 420 A, power of 65 KW.
The peak temperature and velocity of plasma jet increased with the increasing of total mixture gas flow rate. Figure 7 shows that the temperature and velocity of plasma jet increased with the increase of total Ar þ H 2 gas flow rate with a uniform initial H 2 /(Ar þ H 2 ) ratio of 20%. The increase of total mixture gas flow rate increased the density of electron and heavy particles in the plasma, which accelerate the chemical reaction rate so that much heat was generated, given in Figure 7 (a). Moreover, the velocity of plasma jet increases with the increase of temperature gradient which increased with the increase of total mixture gas flow rate, given in Figure 7 (b). Meanwhile the heat was dissipated rapidly by plasma jet with higher velocity leading to the temperature of plasma jet decreased quickly, as shown in Figure 7 (a). The effect of current intensity A on the temperature of plasma jet was shown in Figure 8 . The relationship correlating some predominant plasma torch operating parameters and the jet maximum velocity on the axis of nozzle exit. For example, considering a Ar/H 2 (23 vol.%) plasma gas mixture axial injection, the relationship is:
where G represents the gas mixture mass flow rate (kg/s), d the anode nozzle internal diameter (m) and I the arc current intensity (A). It clearly appears from such a relationship that the most significant parameter is the current intensity. Figure 8 illustrated that an increase in the current intensity from 440 to 750 A leads to an increase of maximal jet velocity and temperature of about 1,370 m/s and 7,200 K, respectively (i.e., velocity from 1,080 to 2,451 m/s, and temperature from about 14,600 to 21,831 K). This is due to the increasing of electric current increases the electron number and leads to increasing in ionization reaction and produces much more heat. The higher temperature accelerates the expansion of gas so as to increase the velocity of plasma jet, shown in Figure 8(b) . But the more heat will take away by the plasma jet with higher velocity. Figure 9 (b) shows that the maximum temperature of plasma jet will decrease when the electric current A < 470 A due to the heat carried away by plasma jet more than that generated by the increasing electric current. Further the heat generated by the increasing current intensity more than that lost by the increasing jet speed leads to an increase of maximum jet temperature when the current intensity A > 470 A. 
Effect of parameters on in-flight particles
During spraying, the velocity and surface temperature of in-flight particles were measured by commercially available Spray Watch 2i System (Osier, Finland). The Spray Watch 2i was placed at the spraying distance of 100 mm from the nozzle exit to observe the surface temperature and velocity of in-flight particles in various powder feeding rates. The experimental mainly process parameters were Ar flow rate 65 slpm, H 2 flow rate 15 slpm, electric current 420 A, power 65 KW and carrier gas flow rate 7 slpm. Figure 10 shows that the surface temperature and velocity of in-flight particles increased gradually with the increasing powder feeding rate when the powder feeding rate less than 45 slpm, and peak temperature and velocity of particles were 3,191.34 AE 2.22°C and 452.35 AE 2.28 m/s, respectively. But the temperature and velocity of in-flight particle decreased with the increasing powder feeding rate when the powder feeding rate larger than 45 slpm. This is due to the fact that temperature and speed of particle depend strongly on heat and momentum transfer between plasma jet and particle. Particles injected from side at low powder feeding rate can only reach out-edge of plasma jet where both temperature and axial speed are low. Increasing powder feeding rate increase the momentum of particle can bring particles further into the core region of plasma jet with the highest temperature and velocity when the powder feeding rate within 45 slpm. High plasma jet velocity will exert large drag force on particle, accelerating it to reach a higher velocity. On the other hand, high plasma jet temperature will allow more heat transfer to particle through its surface so as to increase particle temperature. However, particle will be carried further passing the plasma jet axis to a location where lower plasma jet temperature and velocity reside results in decreased temperature and velocity of particle if the powder feeding rate above 45 slpm. In addition, the plasma jet temperature also cooled by excessive powder feeding rate result in decreased in the temperature of particle. Based on the above analyses, the optimal powder feeding rate was 35~45 slpm with carrier gas rate of 7 slpm in SAPS.
The effect of volume fraction of H 2 in mixture gas on temperature and temperature of in-flight particles was studied experimentally. In experiment, the Ar gas flow rate and powder feeding rate kept a constant value of 65 and 40 slpm, respectively, and the H 2 volume fraction increased from 13 to 26% and the other control conditions same as the previous one. Due to the thermal enthalpy increased with increasing volume fraction of H 2 , the plasma jet temperature increases, as shown in Figure 11 (a). The heat transfer to particles is essentially controlled by the plasma gas thermal conductivity (κ) and the particle residence time in the plasma flow. The thermal conductivity of plasma jet increased with increasing volume fraction of H 2 , which accelerate the heat transfer between particles and plasma jet. Indeed, Figure 9 : Evolution of (a) maximum velocity of plasma jet versus the current intensity and of (b) maximum temperature of plasma jet versus the current intensity. the heat transfer to particles is driven by the mean integrated thermal conductivity expressed as:
where T 1 is the plasma temperature outside the thermal boundary layer surrounding the particle which surface temperature is T p . When the H 2 proportion increase, the κ is increase drastically. Meanwhile, the arc length is increasing with the increasing H 2 vol.% leads to the increasing in the arc voltage, as shown in Figure 11 (b). In fact, the longer arc length was beneficial to increase particle residence time in the plasma flow. The above two factors together lead to an increase in the surface temperature of particles. Furthermore the increase rate of velocity was higher than that of temperature with the increasing volume fraction of H 2 , shown in Figure 11 (a). In addition, the rigidity of plasma jet is decreasing with the increasing H2 vol.% lead to an decrease in plasma jet velocity. But gas expansion rate was increasing with the increasing H 2 vol.% leading to an increasing in the plasma jet velocity. The above two factors together increased the velocity of particle slightly. It is worth notice that the increasing rates of temperature and velocity were very small when the volume fraction of H 2 above 23%. In fact, the 20-23 vol.% proportion of H 2 in the mixture gas is the optimum proportion in SAPS. Further, the effect of total primary mixture gas flow rate on in-flight particles temperature and velocity was studied. Figure 12 shows that the temperature and velocity of in-flight particles were all increasing with the increasing total mixture gas flow rate. But the increasing rate of velocity clearly higher than that of temperature. The increasing of total mixture gas flow rate increase the mechanical compression, energy density and thermal conductivity of plasma jet, which lead to temperature and velocity of plasma jet increased rapidly. Meanwhile, the increasing of Ar increase the total momentum of plasma jet results in increase in particle velocity. On the other hand, the particles flight times in the plasma jet decreased with the higher flight speed results in the heating time of particles decrease. For the two reason, the increasing rate of particle speed larger than that of particle temperature.
In order to obtain the optimal spraying distance in SAPS, the temperature and velocity of in-flight particles at various spraying distance were measured. In experiment, the total mixture gas flow rate was 80 slpm, the H 2 proportions were 20 and 23% vol.%. Figure 13 shows that the particles temperature and velocity were first increased and then decreased with the increasing of spraying distance. The location with highest temperature and velocity was move backward about 10 mm when the H 2 vol.% increase from 20 to 23%. This is due to the increase of H 2 vol.%, the region of plasma jet with high temperate and velocity was extended by the increasing temperature and velocity and lead to the particle heating distance increasing. Moreover the particles temperature was not only related to heat transfer between plasma jet and particle but also the particles heating time. For the 23 vol.% H 2 , the surface temperature of particles was lower when spraying distance within 90 mm due to the shorter heating time. Further the surface temperature of particles for the 23 vol.% H 2 will higher than that for 20% vol.% H 2 when the spraying distance above 90 mm due to the larger temperature increasing rate.
Significant effects of voltage and current intensity on particles temperature and flight velocity for the Ar-H 2 (23 vol.%) were investigated. Figure 14 shows that the particles surface temperature and velocity were both increased with the increasing voltage. For a given arc current intensity and when the arc voltage increases, the arc column constriction increase, which lead to the plasma torch thermal efficiency increase. This lead to the plasma jet temperature increase so as to increase the particle surface temperature due to the strong correlation between particle and plasma jet, shown in Figure 14 . It is notice that these increase almost linearly with the voltage whereas the arc current intensity does not have a significant effect (i.e., an increase in temperature only about 50 K when the electric current increase from 370 to 430 A at a given voltage). It should be noted that the velocity of particles started to decrease when the voltage V > 160 V. In fact, the higher power lead to an electrolytic corrosion in the spraying gun. According to the experimental data the current intensity 420 A and voltage 160 V were the optimal values for YSZ powder in SAPS.
Coating microstructure
Plasma coating are built up by agglomeration of splats formed by the impact, spread and solidification of individual particles. Microstructural investigation of coatings is a useful and often necessary step in the selection of processing parameters and in achievement of specified properties. The morphologies of the YSZ coatings were observed by SEM (VEGAII XMU, Tescan, Czech Republic). The diameter (D) of coating porosity was measured by Image-Pro Plus (IPP) software used to calculate the porosity ratio of coatings. Since the different color shown in the SEM picture between ceramic region and porosity (ceramic region present white or gray, but porosity region present black), the porosity ratio of coatings can be estimated. In experiment, various temperature and velocity of particles can be obtained using various spraying process parameters. The process parameters are shown in Table 1 . The microstructures of YSZ coatings formed under these conditions are shown in Figure 15 . In experiment, the H 2 volume fraction was 23%, total Ar þ H 2 gas flow rate was 80 slpm. Table 1 , even small changes in particle surface temperature in various conditions and it effect on the coating porosity can be neglected. This paper only describes the influence of particle speed on the coating porosity. It clearly sees an obviously decrease in coating porosity with the increasing particle velocity. Due to the higher momentum for the particles with higher velocity, the particles were bond to the substrate well. In general, increasing the particles impacting velocity can improve the maximum spreading factor and decrease the coating porosity, as shown in Figure 16 .
According to

Conclusions
The theoretical analyses have been performed to investigate the influence of several parameters on the temperature and velocity of plasma jet in SAPS. Adding H 2 into Ar can increase the plasma jet temperature and velocity. The 20-23 vol.% is the optical H 2 proportion in SAPS. The jet velocity is increasing with the increasing electric current. But the jet temperature is decreasing with the increasing current intensity when the current I < 470 A. Further, the jet temperature is increasing with the increasing current intensity when the current I > 470 A.
The velocity and temperature of in-flight particles were measured by experiment with various powder feeding rates, H 2 vol.%, current intensity, voltage and spraying distance. According to the experimental data, the optimal powder feeding rate is 30-45 slpm, the optimal carrier gas flow rate is 7 slpm, the optimal spraying distance is 100-110 mm, and the optimal control electric current and voltage are 420 A and 160 V. Using these parameters can get a highest velocity and surface temperature of particles when they impacting on the substrate so as to improve the maximum spreading factor of particles and decrease the coating porosity.
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